BiMn 2 O 5 has been prepared in polycrystalline form by a citrate technique, and studied by neutron powder diffraction ͑NPD͒, specific-heat, and magnetization measurements. propagation vector kϭ(1/2,0,1/2) . A group theory analysis has been carried out to determine the possible solutions for the magnetic structure. For the Mn 3ϩ ions located at the 4h site, the magnetic moments are ordered according to the basis vectors (F x ,C y ,0); for the Mn 4ϩ ions placed at the 4 f site, the basis vectors are (G x Ј ,A y Ј,0). At Tϭ1.6 K, the magnetic moments for Mn 3ϩ and Mn 4ϩ cations are 3.23(6) B and 2.51(7) B , respectively. The commensurate character of the magnetic structure of BiMn 2 O 5 , in contrast with the incommensurate structure observed for other compounds of the RMn 2 O 5 family, for which kϭ(1/2,0,k z ), is discussed in terms of competing antiferromagnetic interactions, depending on the observed variation of crucial Mn-O-Mn distances.
I. INTRODUCTION
The discovery of a colossal magnetoresistance effect in the hole-doped rare-earth manganites R 1Ϫx A x MnO 3 (A denotes alkaline earth͒ ͑Refs. 1 and 2͒ has originated a great interest in the study of the manganese oxides, in general, and particularly in those containing a mixed valence for Mn cations. RMn 2 O 5 (R stands for rare-earth metals, Y, and Bi͒ are included in this category. According to the first studies carried out in the 1960s to determine their crystallographic structure, 3, 4 all the compounds of the RMn 2 O 5 series crystallize in the orthorhombic space group Pbam. The manganese ions occupy two sites with different oxidation states. The Mn 4ϩ ions (4 f site͒ are octahedrally coordinated to oxygens; the Mn 4ϩ O 6 octahedra share edges to form infinite chains along the c axis. The Mn 3ϩ ions (4h site͒ are coordinated to five oxygens located at the apexes of a distorted tetragonal pyramid. The Mn 4ϩ O 6 chains are interconnected by Mn 3ϩ O 5 pyramids. The R 3ϩ cations form RO 8 polyhedra. A bond-valence study from high-resolution neutron powder diffraction ͑NPD͒ data revealed the presence of important tensile and compressive stresses, which are progressively released along the series as the rare-earth metal size decreases. 5 Regarding the magnetic properties of these compounds, some work has been devoted to the determination of their magnetic structures by neutron diffraction. According to the first reports, 6, 7 these oxides present an antiferromagnetic ͑AFM͒ ordering below 40 K. For RϭNd, Tb, Ho, Er, and Y, the magnetic structure is defined by the propagation vector kϭ(1/2,0,). Both Mn ions are ordered according to a helicoidal arrangement with the moments in the ab plane. The R 3ϩ cations order at lower temperatures with a sinusoidal magnetic structure. Subsequent results also showed for R ϭEr and Tb ͑Ref. 8͒ that the amplitude of the moments for the Mn ions is modulated. The magnetic structure of DyMn 2 O 5 was analyzed in detail; 9 it is defined by two propagation vectors k 1 ϭ(1/2,0,0) and k 2 ϭ(1/2,0,). With respect to BiMn 2 O 5 , a propagation vector kϭ(1/2,01/2) was reported to define its magnetic ordering, 10 although no more details were given. On the other hand, the published results on the dielectric and magnetoelectric properties of RMn 2 O 5 ͑Refs. 11-13͒ seem to indicate the possibility of ferroelectricity in these compounds.
The aim of this paper is to carry out a detailed study of the magnetic behavior of BiMn 2 O 5 , whose magnetic structure seems to be different from that of the remaining compounds of the series. A detailed crystallographic study from high-resolution neutron powder diffraction data, followed by a study of its magnetic structure and its evolution with temperature, are complemented with magnetization and specificheat measurements.
II. EXPERIMENTAL
BiMn 2 O 5 was obtained as a dark brown polycrystalline powder starting from precursors previously synthesized by a wet-chemistry technique. Stoichiometric amounts of analytical grade Bi 2 O 3 and Mn(NO 3 ) 2 •4H 2 O were solved in citric acid. The citrate solutions were slowly evaporated and de-composed at temperatures up to 600°C. All the organic materials were eliminated in a subsequent treatment at 800°C in air. The sample was finally annealed at 1000°C in air for 12 h.
X-ray powder diffraction patterns were collected with Cu K␣ radiation in a Siemens D-501 goniometer controlled by a DACO-MP computer. The magnetic measurements were carried out in a commercial superconducting quantum interference device magnetometer. The dc susceptibility measurements, both under zero-field-cooling ͑ZFC͒ and field-cooling ͑FC͒ conditions, were performed in a 0.5 kOe magnetic field for temperatures ranging from 1.8 K to 300 K. An isothermal magnetization curve was obtained at Tϭ5 K in a magnetic field up to 54 kOe. The specific-heat measurements were carried out in a semiadabatic He calorimeter using the heatpulsed method for temperatures going from 2 K to 200 K under a zero and 90 kOe magnetic field. A high-resolution NPD pattern was acquired at room temperature at the D2B diffractometer of the Institut Laue-Langevin in Grenoble ͑France͒, with a wavelength of 1.594 Å. The collection time for a 6-g sample was about 3 h. The magnetic structure and its thermal evolution was studied at the D1B multidetector ͑400 counters͒ diffractometer with a wavelength ϭ2.532 Å. A good statistics pattern, collected in 30 min at 1.6 K, was used to resolve the magnetic structure. The thermal evolution was studied from sequential diagrams collected every 2 K, on heating from 1.6 K to 53 K, with a counting time of 10 min each. The refinements of the crystallographic and the magnetic structures were performed by using the Rietveld method with the FULLPROF program.
14 In the profile refinements, the peak shape was simulated by a pseudo-Voigt function and the background was fitted with a fifth-degree polynomial function.
III. RESULTS FROM MAGNETIC AND SPECIFIC-HEAT MEASUREMENTS

A. Magnetic measurements
The dependence of the magnetic susceptibility with temperature is presented in Fig. 1 . At low temperatures, the susceptibility increases and exhibits an outspread maximum with two characteristic temperatures Tϭ39 K and T ϭ36 K, which would suggest the appearance of an AFM order with T N ϭ39 K. The existence of two transition temperatures could indicate a small delay in the ordering of the magnetic moments associated with one of the manganese sites with respect to the second one. The evolution of the ZFC and the FC curves is very similar, which seems to exclude the presence of weak ferromagnetism effects. This is also confirmed by the magnetization curve shown in the inset of Fig. 1 , exhibiting a perfectly linear behavior with the magnetic field. Above 100 K the susceptibility follows a CurieWeiss behavior ͑see Fig. 1͒ characterized by a paramagnetic temperature ⌰ P ϭϪ357(3) K and with an effective paramagnetic moment of 6.9(1) B . This figure is close to the theoretical value of 6.24 B that has been calculated through the expression P e f f ϭͱP e f f 2 (Mn 3ϩ )ϩ P e f f 2 (Mn 4ϩ ).
B. Specific-heat measurements
The temperature evolution of specific heat under zero and Bϭ9 T magnetic fields is shown in Fig. 2 . A sharp anomaly appears at around the ordering temperature T N Ϸ39 K, in good agreement with the magnetic measurements. In the curves there are no differences between the measurements obtained in zero and 9 T magnetic fields. The lowtemperature specific-heat data has been fitted by the expression
The linear term is associated with the charge-carrier contribution, the ␤T 3 term corresponds to the lattice contribution, and the last term BT ␦ is related to the spin-wave excitations. By considering the data from 2 K to 16 K, the best fit is obtained if the linear term is neglected and ␦ϭ2, with the parameters ␤ϭ0.0012(1) J/mol K 
, R being the gas constant and p the number of atoms per formula unit. The Debye temperature obtained in this way is ⌰ D ϭ235(4) K. The quadratic term in the thermal behavior of the specific heat is characteristic of the AFM spin waves. The entropy associated with the magnetic transition can be determined through the expression ⌬Sϭ͐(C mag /T)dT. The magnetic contribution to the specific heat is extracted after evaluating the lattice contribution. The lattice contribution has been obtained by fitting the data to two Einstein optical modes, one associated with the Bi ϩ Mn atoms and the other with the O atoms. The oscillator corresponding to the Bi ϩ Mn atoms is centered at ⌰ E ϭ172(1) K and the other at ⌰ E ϭ648(1) K. The magnetic contribution is represented in the inset of Fig. 2 , and the entropy change is 12.5 J/͑mol K͒. This value is close to that expected for a mixture of free Mn 3ϩ and Mn 4ϩ ions, ⌬S ϭ0.5R ln(2S 1 ϩ1)ϩ0.5R ln(2S 2 ϩ1)ϭ12.45 J/mol K (S 1 ϭ2 for Mn 3ϩ and S 2 ϭ3/2 for Mn 4ϩ ). The shape of the magnetic peak of the specific heat ͑inset Fig. 2͒ seems to suggests that the transition is achieved in two steps, with a shoulder at 36 K and and a main peak at T N ϭ39 K.
IV. NEUTRON-DIFFRACTION MEASUREMENTS
A. Crystallographic structure
The crystal structure was refined from room-temperature D2B data, collected with a wavelength ϭ1.594 Å. All the Bragg reflections of the diagram were indexed with the lattice parameters aϭ7.560 78 (8) Fig. 3 . The most characteristic parameters after the refinement are listed in Table I . A selection of the most important atomic distances and bonding angles are included in Tables II and III , respectively. Figure 4 shows a view of the crystallographic structure along the c axis. Mn 4ϩ ͑Mn1 atoms͒ are located within distorted octahedral environments. The Mn 4ϩ O 6 octahedra form infinite linear chains along the c axis, sharing edges via O2 and O3 oxygens. Mn 3ϩ cations are surrounded by five oxygens, forming Mn 3ϩ O 5 distorted tetragonal pyramids. These units contain rather significantly different bond lengths: four oxygen atoms ͑two of O1 and two of O4͒ are in a square planar configuration and the fifth oxygen ͑O3͒ is in an axial position at a longer distance (2.085 Å). The pyramids interconnect the Mn 4ϩ O 6 octahedra along the c axis via O3 and O4. Mn1-O2 (ϫ2)
The BiO 8 units can be described as bicapped trigonal prisms. It is noteworthy that they are significantly more distorted than the RO 8 units in other RMn 2 O 2 . 5 In particular, the two Bi-O4 distances ͑Table II͒ are much shorter (2.267 Å) or longer (2.785 Å), respectively, than the corresponding figures for other R members; for instance, La-O4 bond lengths are 2.496 Å and 2.562 Å, respectively. The distortion of the coordination environment is due to the presence of the electron lone pair on Bi 3ϩ : the repulsion of the lone pair with Bi-O bonds leads to an asymmetric distribution of these bonds around Bi, involving significant shifts of some oxygen positions. Also, a coupled shift of the Bi position, by 0.15 Å along the direction ͓110͔ is observed with respect to the position of the rare-earth cations in other RMn 2 O 5 oxides. 5 The mentioned oxygen shifts indirectly lead to important changes in Mn-O distances. In particular, Mn1O 6 octahedra show Mn1-O2 distances ͑1.968 Å͒ larger than any other members of the series. Mn2O 5 pyramids are also strongly affected, showing Mn2-O1 distances (1.899 Å) smaller and Mn2-O4 bond lengths (1.929 Å) larger that any other RMn 2 O 5 . These different interatomic distances will play an important role in the different spin arrangements along the c direction for BiMn 2 O 5 with respect to those observed for other R cations.
In a systematic study of RMn 2 O 5 for R denoting rareearth metals, 5 a regular increase of a, b, and c unit-cell parameters was found to correspond to the increase of the ionic radius of the R 3ϩ cation along the series from Er to La. However, for RϭBi 3ϩ , with an ionic radius of 1.20 Å, greater than that of La 3ϩ (rϭ1.16 Å), we have only observed an important increase in the c parameter ͓c ϭ5.760 66(5) Å for Bi versus 5.7214(1) Å for La ͑Ref. 5͔͒, whereas the a parameter is close to that of Pr and b is similar to that of Eu. Again, the anisotropy observed in the Bi-O bond lengths, driven by the presence of the Bi 3ϩ electron lone pair, is responsible for the anomalous variation of the unit-cell size.
B. Determination of the magnetic structure
The thermal evolution of the NPD patterns acquired in the temperature range 1.6ϽTϽ53.1 K and with ϭ2.532 Å is shown in Fig. 5 . Below TϷ40 K, new diffraction peaks appear at scattering angles different from the Bragg positions corresponding to the space group Pbam. This confirms the appearance of a magnetic ordering below Tϭ40 K, in good agreement with the magnetic data. The magnetic reflections can be indexed by the propagation vector kϭ(1/2,0,1/2), which agrees with the results obtained in Ref. 10 . Below the ordering temperature no anomalies are observed in the magnetic peaks, except an increase in the intensity on decreasing the temperature; therefore the magnetic structure seems to remain stable down to Tϭ1.6 K.
In the search of the possible magnetic structures, we have taken into consideration only those solutions ͑see the Appendix͒ that lead to equal magnetic moments for all the Mn atoms at the same site. All these solutions, given by the basis vectors presented in Table VII, Table IV . The agreement between calculated and experimental NPD patterns at 1.6 K is displayed in Fig. 6 . According to the experimental results the magnetic structure is given by the basis vectors of ⌫ 1 , which corresponds to a magnetic structure with the moments oriented in the ab plane, as shown in Fig. 7 . The thermal evolution of the magnetic moments at both Mn sites is displayed in Fig. 8 . The values of the magnetic moments reach saturation below 5 K and, for both Mn sites, the orientation of the moments with respect to the a axis remains nearly constant below T N . The magnetic moments at T ϭ1.6 K are 3.23(6) B and 2.51(7) B for 4h and 4 f sites, respectively. This result is concomitant with the different oxidation states exhibited by Mn cations at both crystallographic sites.
Let us point out that this solution, as has been explained in the Appendix, is equivalent to the solution (C x ,F y ,0) for 
V. DISCUSSION
Neutron-diffraction experiments have confirmed that BiMn 2 O 5 presents an AFM ordering below T N ϭ39 K. The magnetic structure is commensurate with the chemical unit cell, with kϭ(1/2,0,1/2); the magnetic moments at the two crystallographically independent sites are very different, as should correspond to Mn cations in different oxidation states. Mn 4ϩ cations at 4 f sites are octahedrally coordinated, hence a t 2g 3 electronic configuration is expected (Sϭ3/2). For Mn 3ϩ cations ͑located at 4h sites͒ the corresponding electronic configuration in a pyramidal crystal field is t 2g 3 e g 1 (S ϭ2). In both cases the saturation moments ͓2.51(7) B and 3.23(6) B , respectively͔ are slightly lower than those expected (3 B and 4 B , respectively͒, which can be due to covalency effects. The neutron-diffraction experiments, performed with a rather broad temperature aquisition step, did not allow us to clarify whether a small delay exists in the ordering temperatures of the Mn 3ϩ and Mn 4ϩ sublattices, which could explain the two characteristic temperatures observed in the anomaly of the susceptibility and specific-heat curves. However, the large difference in magnetic-moment values at both sites just below the ordering temperature, could be an indication that a small delay indeed takes place.
As shown in Fig. 7 , Mn 4ϩ ions ͑labeled Mn1, 4 f sites͒ are distributed in ͑001͒ planes forming a chain along the c axis: they are present at the zϭ1Ϫz 0 , zϭz 0 , and zϭϪz 0 planes (z 0 ϭ0.261). Intercalated between them, there are planes of Mn 3ϩ ions at zϭ1/2. Also, we must consider the interleaved planes of Bi 3ϩ ions at zϭ0. Thus, the zϭz 0 and zϭϪz 0 Mn 4ϩ planes are separated by a Bi 3ϩ plane and the coupling between them is AFM; on the contrary, between the zϭ1Ϫz 0 and zϭz 0 Mn 4ϩ planes, separated by a Mn 3ϩ plane, the coupling is ferromagnetic ͑see Fig. 7͒ . In the first case the distance between the Mn 4ϩ planes is 3.010(4) Å and in the second case it is 2.751(4) Å. Within each Mn plane, for both Mn 3ϩ and Mn 4ϩ sublattices, the coupling along the b direction is ferromagnetic and along the a direction, it is AFM. In the Mn 3ϩ planes, the ions related by an inversion center are antiferromagnetically coupled.
In both Mn 3ϩ and Mn 4ϩ sublattices, the superexchange , J 2 , is also AFM and it seems to predominate in such a way that the final coupling between Mn 4ϩ cations at z 0 and 1Ϫz 0 planes is ferromagnetic. Summarizing, Mn 4ϩ magnetic moments are alternatively ferromagnetically and antiferromagnetically coupled, along the c axis, the moments always remaining on the ab plane.
The magnetic structure of BiMn 2 O 5 is different from those of the other members of the RMn 2 O 5 family (R ϭrare earths͒: it is defined by the commensurate propagation vector kϭ (1/2,0,1/2) , whereas for the other members of the family the magnetic structure is incommensurate along the c axis, with kϭ(1/2,0,), as shown in Fig. 9 planes is purely ferromagnetic. The commensurability of the structure is directly related to this pure ferromagnetic interaction between couples of Mn 4ϩ neighbors. In other members of the family, as in 
Mn(4h)
Mn(4 f ) magnetic moments and to the incommensurability of the structure. Figure 9 shows the evolution of the k z component of the propagation vector kϭ(1/2,0,k z ) in terms of the ionic radius for RMn 2 O 5 according to the data presented in Ref. 6 ; k z decreases for the smaller rare-earth metals, since the reduction in size of the R 3ϩ cation is concomitant with the shortening of the ͗Mn1-O͘ distances, thus increasing the value of the J 1 direct AFM interaction term along the chains of Mn1-O 6 octahedra.
VI. CONCLUSIONS
Neutron-diffraction measurements have confirmed that the perovskite-related compound BiMn 2 O 5 orders below T N ϭ39 K, with a noncollinear commensurate magnetic structure characterized by the propagation vector k ϭ(1/2,0,1/2). 
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APPENDIX: GROUP THEORY ANALYSIS
The possible magnetic structures compatible with the symmetry of BiMn 2 O 5 are determined by following the representation analysis technique described by Bertaut. 16 For the propagation vector kϭ (1/2,0,1/2) , the small group G k , formed by those elements of the space group that leave k invariant, coincides with the space group Pbam. For k ϭ(1/2,0,1/2), the irreducible representations of the group G k are those shown in Table V ͪ .
͑A1͒
The irreducible representations ⌫ k shown in Table V The different basis vectors associated with each irreducible representation and calculated by following the projection operator technique, are presented in Table VI . Regarding the basis vectors corresponding to the 4h site, there is a relationship between the atoms ͑1͒ and ͑3͒ and between ͑2͒ and ͑4͒; therefore solutions with different magnetic moments for both groups of atoms are possible. On the contrary, all the solutions belonging to the 4 f site imply the same magnetic moment for all of the Mn atoms. The basis functions given for the 4h site would lead to solutions with equal moment in case the matrix elements of each basis function V i ␣ verify
The basis vectors finally obtained are shown in Table VII 
